Introduction
In recent years, high-speed railway has been developing rapidly in China. By the end of 2018, China's high-speed railway has had its operation mileage over 29,000 kilometers, accounting for more than two-thirds of the world's high-speed railway operation mileage and exceeding the total of other countries [1] . With regard to Moreover, high-speed EMU is rather complex in structure and its power bogie alone contains more than 2000 parts. The design and development of these parts also involve many different fields and disciplines, including machinery, dynamics and control science, etc. It is difficult to verify the system effectiveness as quickly as possible through the process of designing and manufacturing a prototype of EMU, which is time-consuming and laborious. Therefore, technique of modeling, simulation and virtual prototype of EMU can provide a feasible, credible and economic means for the design and research. The authors' research team participated in the digestion and absorption of the key technologies in the high-speed CRH5 of Alstom, France. They helped to design CRH5-based long-marshalling high-speed EMU by using simulation modeling and virtual product development technology, which has further shortened the research and development time. This technology reduced the cost and improved the reliability.
CRH EMU system is a complex large system, featuring massive components, complex structures, complicated behaviors and interactions between elements, and especially the obvious system emergence. For such systems, we should not only simulate its normal operation functions, but also simulate its performance in abnormalities, failures and incorrect operations. Therefore, it is difficult to get the solution of the problem through top-down analysis and we cannot completely use the simulation method based on discrete events. Thus, according to these characteristics, this paper has applied the multi-Agent-based simulation technology [2] to EMU research and introduced the simulation of train drivers' working status.
Multi-Agent-based simulation is a technology in the field of artificial intelligence [3] . It refers to the computing entity that can play a continuous and autonomous role in the dynamic environment and has the characteristics of initiative, responsiveness, autonomy and sociality. Compared with other simulation technologies, multi-Agent-based simulation has many advantages [4] : 1) Agent has the ability of self-perception and cooperation.
2) Agent has the ability of autonomous solution and runtime decision-making.
3) Agent has the ability of interacting with users. 4) Agent has flexible organizational framework and evolutionary mechanism. It provides a brand-new and efficient solution for the analysis and simulation of such complex large-scale systems. 
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Modeling of CRH EMU
The CRH5 EMU designed by French Alstom is a power dispersed and AC-drive EMU consisting of five EMU and three trailers (as shown in Figure 1 ), in which MC1, MC2, M2S, M2 and MH are EMU equipped with power bogies. TP, T2
and TPB are trailers equipped with non-power bogies.
China intends to research a long formation high-speed EMU consisting of 16 coaches based on CRH5. Long formation high-speed EMU is a typical complex product. Its geometric design model is easy to get, but the dynamic performance such as traction, braking and curve crossing will inevitably change greatly. Therefore, this paper will focus on the dynamic performance simulation of CRH5. On the one hand, it can further reflect the design concept of Alstom EMU, and play a guiding role in the research. On the other hand, it can reuse these simulation models in the development process of other types of EMU in order to improve the efficiency.
The whole simulation system consists of eight coaches, seven couplers and draft gears (CDG) between coaches, sixteen bogies, train control system and driver. The simulation system will comprehensively consider the effects of mechanical, control, dynamics, personnel control and other aspects on the overall performance of high-speed EMU, such as carrying capacity, running stability, ride comfort, curve passing performance, safety indexes (including derailment coefficient, load reduction rate, wheel-rail transverse force, wheel-axle transverse force and overturning coefficient) and so on. Based on the simulation platform we developed, we can realize the multi-disciplinary modeling and collaborative 
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Multi-Disciplinary Simulation Modeling
1) Firstly, use Automatic Dynamic Analysis of Mechanical System (ADAMS) [5] software to establish the dynamic models of the headstock, tailstock, middle coaches and bogies (as shown in Figure 2 ). As a high-precision and efficient Figure 3. 3) Establish the bodywork dynamic model in the Vampire environment, as shown in Figure 4 . Use Vampire to model and simulate the whole model of the rear four coaches.
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4) Establish the finite element analysis model of the bogie framework in the ABAQUS environment, as shown in Figure 5 . Use ABAQUS to carry out stress and strain analysis of the framework elements in bogies.
Agent Model Transformation
According to the dynamic model of high-speed railway EMU, it can be trans- 2) Define the set of input messages, including external input and internal feedback input. The deployment architecture of the whole simulation is shown in Figure 6 .
All models are developed based on JADE (Java Agent Development Framework) [9] . JADE is an open source software platform that can provide basic middleware functions. Currently it is widely used. As a fully distributed middleware system with flexible infrastructure, JADE can provide a real-time running environment, able to implement the essential functions of an Agent throughout its life cycle and the core logic of the Agent itself. Moreover, it can establish the Figure 6 . Simulation deployment based on JADE. 
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Simulation of CRH EMU Based on Multi-Agent
Systematic Architecture
Modeling and simulation of CRH EMU based on multi-Agent has general characters of the system. Firstly, the construction of the Agents and other simulation models in the CRH EMU is the key factor of the system operation. These models simulate the properties (internal state, organizational relationships, etc.), behaviors (propulsion, communication, usage and adaptive rules, etc.) and the operating environment of component mock-up, which are driven to run a simulation in the computer by setting certain initial conditions [10] . Secondly, the operation management of multi-Agent-based simulation is also of importance. It establishes rules for Agent models interactions, communications and controlling simulation progressing, which provide a fundamental platform for simulating the mock-up operations. In this paper, the modeling and simulation framework of CRH EMU is presented and the whole systematic architecture design is illustrated in Figure 7 . Multi-Agent-based modeling and simulation of high-speed train can be divided into four layers, including simulation support layer, physical database 
Key Technologies
1) Simulation Run-Time Management
Simulation run-time management is the engine of the simulation system, and it is also the core of implementation, evaluation and optimization of the simulation scenario. In a macroscopic view, major functions of operation management of the simulation are as follows:
First, it creates simulation models and environments; Second, it controls the simulation process to achieve simulation synchronization and dynamic sche- Figure 8 . The Agent information of the same node will be controlled within the node by means of routing [11] .
2) Time Management Mechanism
As the operation of an Agent is mostly driven by events, and its internal processing mechanism features natural asynchrony, which is very suitable for modeling with distributed simulation. However, natural asynchrony drives the clock at different rates, an additional time synchronization mechanism needs to be introduced. For each Agent maintaining an internal clock, the Agent advanced its internal clock during the process of receiving and managing messages, and then marks the output messages as a time stamp with the clock value.
Therefore, in the process of simulation advancement, it is essential to firstly ensure the uniformity of local clock value of each Agent, and secondly to ensure that each Agent always deals with the received messages in an incremental order of time stamp to accurately achieve causality. To address the second problem, a corresponding time synchronization mechanism is intended to be utilized when the Agent processes messages. For now, there are mainly two mechanisms, including conservative strategy and optimistic strategy. With the conservative strategy, any causal errors will be strictly prohibited, that is to ensure that the Agent processes the received messages in chronological order. When an Agent processes an event with a time stamp T, events with a time stamp less than T will not be received. However, with empty message queue of the Agent, the processing message mechanism of the Agent is likely to be blocked, which may cause a deadlock.
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The optimistic strategy allows for causal errors. The error is corrected with rollback when an error occurs. Researchers have published many conservative and optimistic strategies algorithms, which will not be discussed in this paper. As the high-speed train simulation has a distributed architecture, an integrated strategy for time management is put forward in this paper, with a conservative strategy within the node, and an optimistic strategy between nodes.
3) Data Distribution Mechanism CRH EMU is a complex and large system involving numerous Agent elements with intricate message transmission, which may cause network congestion. In order to reduce message transmission, a publish-subscribe mode is proposed in this paper. The Agent, which delivers the message, is called the publisher. The Agent, which receives the message, is called subscriber. And the Agent, which processes the message, is called the middleware Agent. The publisher sends message to the middleware, to which the subscriber sends the subscription re-
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quest, indicating what publication it is interested. The middleware sends messages with the timely, reliable and optimally matched publications and subscriptions. The publish-subscribe mode makes for a dynamic and flexible system with efficient information matching capabilities.
Simulation Instances and Results
With the method described above, the simulation member model of EMU is established, and the Q/P is simulated under test conditions as follows: Figure 10 .
The results and animation of bogie operation are generated through the simulation. The left lower curve in Figure 11 indicates the vertical damping force of the two-stage suspension on the third car bogie, and the lower right curve indicates the damping force in the horizontal direction of the two-stage suspension on the third car bogie. The simulation results verify the feasibility and effectiveness of the multi-Agent-based modeling and simulation method and related technologies in this project.
Conclusions
Based on the analysis of EMU models, this paper proposes a multi-Agent-based Figure 10 . Agents management and message transmission sequence. Figure 11 . Bogie wheel derailment coefficient.
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modeling and simulation method, designs a simulation framework and application process, constructs a simulation platform based on JADE, and develops a
prototype system to verify and analyze the method.
Through the analysis of simulation result data, it is proved that the method of multi-Agent-based modeling and simulation is practicable. Every Agent in the prototype system works properly based on the preset properties and parameters.
Especially, the simulation results are approximate to the actual EMU design parameters. The next step is to simulate more part based on multi-Agent to further verify the stability and robustness of the modeling and simulation platform in the distributed environment.
